Abstract. Optogenetics allows light activation of genetically defined cell populations and the study of their link to specific brain functions. While it is a powerful method that has revolutionized neuroscience in the last decade, the shortcomings of directly stimulating electrodes and living tissue with light have been poorly characterized. Here, we assessed the photovoltaic effects in local field potential (LFP) recordings of the mouse hippocampus. We found that light leads to several artifacts that resemble genuine LFP features in animals with no opsin expression, such as stereotyped peaks at the power spectrum, phase shifts across different recording channels, coupling between low and high oscillation frequencies, and sharp signal deflections that are detected as spikes. Further, we tested how light stimulation affected hippocampal LFP recordings in mice expressing channelrhodopsin 2 in parvalbumin neurons (PV/ChR2 mice). Genuine oscillatory activity at the frequency of light stimulation could not be separated from light-induced artifacts. In addition, light stimulation in PV/ChR2 mice led to an overall decrease in LFP power. Thus, genuine LFP changes caused by the stimulation of specific cell populations may be intermingled with spurious changes caused by photovoltaic effects. Our data suggest that care should be taken in the interpretation of electrophysiology experiments involving light stimulation.
Introduction
Named the "method of the year 2010" according to Nature magazine, 1 optogenetics is revolutionizing neuroscience. For the first time, researchers are capable of producing direct links between cellular activity and behavior. 2, 3 Optogenetics also provided tools for unveiling the mechanisms behind the generation of basic phenomena like brain oscillations 4 and blood oxygenation level-dependent signals in fMRI. 5 However, later reassessment showed that some of the claims of early works may have been affected by limitations of either the opsins or the efficiency of light stimulation. 6, 7 Another issue largely overlooked in optogenetic experiments involving local field potential (LFP) recordings is the photovoltaic effect. 2 First described by the French physicist Alexandre-Edmond Becquerel, the effect was noticed when metal electrodes in a slightly acidic solution were exposed to light, which resulted in the generation of electricity. The photovoltaic effect is produced by photonic excitation of electrons at the electrode valence band that absorbs the photon energy; these excited electrons leave their orbit, generating an electric potential. 8, 9 Virtually every metallic conductor is prone to the photovoltaic effect as the conduction property of a given material implies weak binding of electrons at outer orbits.
As light propagates through the inhomogeneous media, it may interact with the electrode and molecule species in the vicinity of the electrode. 10 For instance, free ions in the media can be attracted to the electrode due to its average electrostatic potential with respect to the media and produce a double charged layer on its surface. 11 Also, molecular dipoles as fatty chains and/or fatty acids can become polarized by these electric fields storing charge. 11 Moreover, some molecular species have an affinity to attach to the surface crystalline structure of some materials (carboxylic acids to platinum or to gold). 12 It is, therefore, likely that light disturbs the organization of the free charges and dipoles in the vicinity of the electrode and the net effect charges the electrode while polarizing it. Electrode polarization also arises directly from the photovoltaic effect, which is dependent on the photon energy and on the work function to free an electron from the material. 8 Light stimulation of brain tissue during LFP recordings produces the photovoltaic effect when photons reach the recording electrode. In this work, we also refer to the effect as an "optoelectric artifact" since it generates signals unrelated to brain activity. The photovoltaic effect can be minimized by placing the electrode at a distance from the light source and/or using low energy photons when possible (green light instead of blue). Decreasing light intensity to the point that the amplitude of the artifact falls below the background noise is another strategy. However, these solutions are not practical since several research questions require studying local versus distant circuits. 13 Moreover, optogenetic proteins require a minimum light intensity to produce membrane depolarization/hyperpolarization. by many other laboratories. We analyzed how different light stimulation protocols alter the power spectrum density (PSD), spike detection, current source density (CSD), and cross-frequency coupling (CFC) of hippocampal LFP signals recorded from multichannel silicon probes in mice. We found that photovoltaic artifacts can emulate several features of genuine LFP activity including small phase shifts in different recording channels, broad PSD peaks, and coupling between low and high oscillation frequencies.
Methods

Subjects
Adult (2-to 4-month old) B6 and 129P2-Pvalb tm1(Cre)Arbr/J15 (Jax stock 008069; PV-Cre), Gt(ROSA)26 Sor tm14(CAG−tdTomato)Hze/J (R26 tom , Jax Stock 007909), and C57/BL6 mice of either sex were used. Animals were kept in a 12-h light on/light off cycle (7 AM to 7 PM), and maintained at 21 AE 2°C. All animal procedures were approved by the local Swedish ethical committee (C248/11, C157/11, Uppsala Animal Ethics Committee, Jordbruksverket; Protocol 003/12, CEUA, UFRN, Brazil).
Virus Injection
Mice were anesthetized with 2% isoflurane. Animals were placed in a stereotaxic frame (Stoelting) and injected with the adeno-associated virus vector AAV2/9.EF1a.DIO.hChR2 (H134R)-EYFP.WPRE.hGH (University of Pennsylvania Vector Core Facility) at a titer of 1 × 10 12 particles∕ml. Vectors (0.5 μl) were injected unilaterally at three consecutive depths in the hippocampus [action potential (AP): −3.2 mm, ML: −3.8 mm, and DV: 2.5∕3.0∕3.6 mm] for a total volume of 1.5 μl. The flow rate was 200 nl∕ min; after each infusion, the needle was left in place for 1 min. The scalp incision was sutured and animals were housed in a P2 facility after the injections. Expression was confirmed by post hoc histological analysis of hippocampal sections.
In Vivo Electrophysiology and Signal Processing
Extracellular recordings in anesthetized animals were collected under ketamine (ð70 mg∕kgÞ∕midazolam (20 mg∕kg) or urethane (1.7 mg∕kg) anesthesia. Acute silicon-substrate multichannel A1-16-electrode probes (16 recording sites spaced 100 μm apart and distributed along a single shank, Neuronexus) were inserted in CA1 of the right ventral hippocampus 16,17 using a stereotaxic frame (AP: −3.0 mm, ML: −3.5 mm, and DV: 3.6 mm). Through a second orifice, an optical fiber (Thorlabs, 200-μm diameter, 0.39 numerical aperture) was inserted (AP: −3.2 mm, ML: −3.7 mm, and DV: 2.8 mm) in a 10 to 30 deg angle in relation to the recording probe. For CSD analysis, 18 we have used a transverse silicon-substrate A16-1 multishank probe (one recording site per shank; 100-μm intersite distance, Neuronexus).
Unless otherwise noted, a sinusoid function (varying from 0 to maximum amplitude) at various frequencies drove a 473-nm laser using 1 to 5 mW power at the tip of the fiber (Shangai Dream Lasers analog modulated). The driving function was generated by a digital-to-analog converter (National Instruments) using a custom MATLAB ® (Mathworks) program with the data acquisition toolbox or a custom C# software. The data acquisition system (Intan) and the software for function generation were integrated by a modification of the Intan program to allow communication of data and TTL pulses (indicating stimulation times) and simultaneous LFP recording. Recordings were conducted in 3-min sessions during which cells were stimulated for 30 s.
Data Analysis
PSDs from the 16 recording sites were averaged, producing a mean PSD for each animal, which counted as a single sample for the statistical analysis (sample size is equal to the number of animals). To allow merging of data from different animals, PSD values were normalized. (PSDs were divided by the total power between 0 and 14 Hz before light stimulation.) PSDs for each condition (pre, during and after light) were calculated for contiguous 30-s LFP segments. The CSD analysis shown in Fig. 2 (e) was obtained by −A þ 2B − C for adjacent sites in the A16-1 probe for theta-filtered (3 to 8 Hz) LFP signals during blue light stimulation.
Phase-amplitude CFC was computed by means of the modulation index described in detail in Ref. 19 . All signal filtering was done using the MATLAB ® function eegfilt from the EEGLAB toolbox. 20 For the comodulation maps, we bandpass filtered signals using 10-Hz windows and 5-Hz steps for the amplitude frequencies, and 2-Hz windows at 0.5-Hz steps for the phase frequencies. For computing the mean theta-gamma modulation index, we obtained a single modulation index for each animal by filtering the LFP recorded from a contact in stratum radiatum (SR) between 3 and 8 Hz for theta, and 30 and 80 Hz for gamma.
For single unit separation, signals were bandpass filtered (500 to 5000 Hz) and APs automatically detected and clustered using the wave-clus software 21 was obtained with the function circ_r from the Circular Statistics Toolbox for MATLAB ® . 23 
Results
In order to test whether the photovoltaic effect can produce LFPlike signals in typical optogenetic settings, we used silicon-substrate electrodes and an optical fiber to record LFP and deliver blue light in the intermediate/ventral hippocampal region. We placed 16-channel electrodes covering a large portion of CA1 SR with one or two channels perforating the stratum pyramidale (SP) higher laser powers have been used in previous optogenetic studies. [24] [25] [26] Recently, it was reported that 4 to 5 mW at the tip of the fiber corresponding to ∼100 mW∕mm 2 light power at the recording site efficiently drives theta activity in the hippocampus during glutamatergic neuron stimulation in the medial septum, while light power lower than 30 mW∕mm 2 did not affect baseline activity. 26 Using the Kubelka Munk model, we have simulated the light spread from a 200-μm-diameter fiber with a numerical aperture of 0.48 [ Fig. 1(b) ]. A single fiber conveys light to very small volumes of the hippocampus [ Fig. 1(b) ]. We also stained (post hoc) light stimulated tissue with ethidium homodimer, staining to assess whether the laser powers used in this study produced cellular damage. Repeated stimulation using 100 mW∕mm 2 light power produced no visible damage. However, when the laser power at the tip was greater than 400 mW∕mm 2 , we observed a vast number of dead/damaged cells [ Fig. 1(c) ].
We next investigated how rhythmic light stimulation affected LFP recording electrodes placed in the hippocampus using animals without ChR2 expression. In this experiment, the purpose was to simulate a scenario where optogenetic stimulation could trigger theta oscillations. 100 mW∕mm 2 light stimulation generated large photovoltaic artifacts in the multichannel silicon probes (Fig. 2) . Artifacts showed both the appearance and spectral features of genuine LFP [ Figs. 2(a)-2(c) ]. Sinusoidal stimulation at theta frequencies produced a peak at the PSD plot that resembled genuine theta oscillations. The peak was reflected in time-frequency power representations [ Fig. 2(c) ]. However, spectral peaks across different recording sites were uneven [ Fig. 2(d) ], implying that light illuminates the probe asymmetrically. This finding may aid to exclude spurious signals generated by the photovoltaic effect from genuine LFP. CSD analysis reflected an anisotropic photovoltaic effect across different recording sites. where current sources for light stimulation were coincidently observed at the SP of CA1 (identified by the presence of multiunit activity-see Fig. 3 ). Artifact LFP will show a strong dependency on the spatial relationship between electrode and light source while genuine LFP should be dependent on the postsynaptic spatial domains of stimulated cells. 13 Previous optogenetics studies, which assessed the role of specific cell populations on the generation of particular oscillatory modalities, have applied light modulation by square pulses. 4 ,27 Thus, we tested spectral differences between light stimulation using sinusoid or square light pulses. For 8 Hz stimulation, square pulses generated PSD peaks at the stimulation frequency similar to the sinusoid stimulation [ Fig. 3(a) ]. However, the former also produced several harmonic peaks (since square waves cannot be represented by a sum of sinusoids and produce harmonic peaks which amplitude decays in a geometric fashion). In addition, square pulses, but not sinusoid modulation of the stimulation laser, also produced artifact spikes if the LFP signal was bandpass filtered (0.3 to 3 kHz) for multiunit detection [n ¼ 6; Fig. 3(c) ]. These results confirm the observations recently discussed in Ref. 28 and suggest that sinusoidal light stimulation is preferable to minimize light-induced "spike" artifacts. We assessed the absolute artifact power dependence on light intensity [ Fig. 3(d) ]. The relationship between artifact power and laser intensity could be fitted by a function of the form power ¼ a Ã expðintensity Ã bÞ (for 8 Hz to
We then optically stimulated the tissue with protocols previously used to optogenetically generate gamma oscillations: various frequencies of 1 ms square pulse stimulation at 60 mW∕mm 2 light intensity. 4 With this pulse duration and laser power, we did not observe any artifact peaks in the power spectra for 2, 4, and 8 Hz stimulations, while for stimulation frequencies >8 Hz, the artifact size increased exponentially ðpower ¼ a Ã expðintensity Ã bÞ, a ¼ 0.17, b ¼ 1.89, R 2 ¼ 0.86) [ Fig. 3(d) ]. Thus, we conclude that when the length of the square pulses was kept constant, the artifact power increased exponentially with increasing light frequency.
We next assessed whether light stimulation with frequencies above the range of genuine LFP rhythms could affect the amplitude of the LFP at lower frequencies. We used three stimulation frequencies outside the theta activity range-16, 32, and 40 Hz (Fig. 4) . We did not observe any significant change in the baseline frequency range (2.2 AE 1. Spurious LFP generated by the photovoltaic effect should not modulate ongoing oscillations. Based on this, we studied CFC during light stimulation in control animals. 29 We found that square pulses generated CFC plots with comodulation peaks at multiples (harmonics) of the stimulation frequency in all animals (n ¼ 6) while sinusoid stimulation produced a single evident peak at a single harmonic frequency [ Fig. 5(a) ]. We then compared genuine CFC to spurious CFC generated by the photovoltaic effect. For these experiments, we used animals anesthetized with urethane in order to record theta oscillations. In addition, due to the small amplitude of urethane-induced theta oscillations in the ventral hippocampus, these experiments were performed in the dorsal hippocampus (stereotaxic coordinates: 2-mm ML, 2-mm AP, and 2-mm DV, n ¼ 3). Theta oscillations (4 Hz) in urethane-anesthetized mice were induced by tail pinch [ Fig. 5(b) ]. These oscillations, however, did not modulate higher frequency oscillations [ Fig. 5(c) ]. Nevertheless, light stimulation at 4 Hz generated CFC plots with comodulation indices at harmonic frequencies of 0.005 AE 0.003 [n ¼ 3, Fig. 5(c) ]. These results suggest that CFC analysis may provide further evidence for excluding spurious light-driven LFP from genuine LFP.
A previous study has shown that stimulation of PV+ IN can generate gamma oscillations in the neocortex and theta oscillations in the hippocampus. 4, 27 Hence, we then investigated how genuine optogenetically driven oscillations differ from spurious signals caused by the photovoltaic effect of light stimulation itself. We stimulated PV-Cre mice injected with ChR2-lx virus (PV/ChR2) in the hippocampus and applied sinusoidal light stimulation at 16, 32, and 40 Hz. Differently from control animals, 16-Hz light stimulation of hippocampal PV/ChR2 neurons significantly decreased theta activity power [ Fig. 6(a) 
Discussion
Here, we have analyzed the interference of the photovoltaic effect on LFP recordings in commonly used silicon-substrate electrodes. We found that intermittent light stimulation can dramatically affect LFP even with relatively low laser power in animals without opsin expression. Waveforms generated by the direct effect of the light onto electrode sites can mimic genuine hippocampal oscillations in both the time and frequency domains. Light stimulation can also produce spike-like artifacts when signals are bandpass filtered for spike detection. CFC analysis of photoinduced artifacts revealed stereotyped modulation of high frequency components of the signal by the low frequency components. In addition, when expressing ChR2 specifically in parvalbumin+ neurons, we have failed to produce any genuine oscillatory pattern that could unequivocally be separated from the spurious rhythms produced by the direct effect of light. Instead, we observed a dramatic decrease in the total power of LFP recordings accompanied by strong inhibition of pyramidal cells during light stimulation. Silicon probes are powerful tools to obtain recordings from multiple brain regions with minimal damage. Their usage with optogenetics may help to understand the role of individual neuron groups in different behavioral tasks. 30 However, there is little data regarding the direct effect of light onto these probes. We show that silicon probes are very sensitive for the detection of photovoltaic currents. It was proposed that fibers with a small diameter (e.g., 50 μm) and low light intensity could prevent the generation of photovoltaic currents in the recording sites. [30] [31] [32] This approach can be used when illuminating a small number of cells in a nondeterministic manner. However, this would drastically restrict the strength of the technique as there are experiments where it is necessary to robustly stimulate large areas in deep brain regions. 28 As shown in Fig. 1 , there is a fine line between light-induced tissue damage and light delivery that is powerful enough to activate ChR2 or Arch in relatively large volumes. The relationship between light power and penetration in the brain is nonlinear and decays exponentially. Hence, relatively high light power is needed if cells distant from the fibers are to be stimulated. In addition, higher laser power is necessary for the stimulation of neuropil. 33, 34 Previous studies using optogenetics have demonstrated a pivotal role of PV+ neurons in the generation of gamma and theta oscillations. 4 ,27 Hence, we tested whether light-induced brain oscillations could be separated from rhythmic photovoltaic currents. In a previous study, light stimulation at gamma frequencies generated oscillations at the stimulation frequency. 4 The same was observed in the induction of theta oscillations in the isolated hippocampus. 27 To our surprise, we could not separate genuine oscillations caused by rhythmical activation of PV + neurons from spurious rhythms produced by the light stimulation alone. Instead, we observed a strong decrease in baseline LFP power. This decrease was possibly caused by the strong inhibition of pyramidal cells (that cease to fire when PV+ IN are stimulated). The role of the fast-spiking subclass of PV+ IN in gamma generation was first proposed from modeling studies. 35 Several studies have attempted to isolate the role of fast spiking IN in gamma and other types of oscillations using the PV-Cre mouse. 4, 27, 36, 37 While fast-spiking IN express PV, there are several other types of neurons with often rival functions that also express PV. 38 For example, in the hippocampus, PV expression can be found in IN that provide somatic inhibition, but also in dendritic inhibiting cells. 38 In fact, Cre+ cells can be found in all hippocampal layers [ Fig. 6(a) ]. Thus, it seems difficult to isolate the role of fast spiking IN in rhythmogenesis in experiments using PV-Cre mice.
In summary, we found that light stimulation can produce LFP-like signals that mimic several spectral features of genuine brain oscillations in silicon probes. The anisotropic spread of light generates uneven potentials across different recording sites that, in turn, give rise to nonzero current source densities. Variable current source densities may indeed serve as an indicative of spurious oscillatory activity induced by the light itself. small variations in fiber positioning. Some strategies have been proposed to prevent optoelectric artifacts in LFP recordings, including angling the fiber in relation to the electrode and using glass electrodes. 39 However, angling the fiber will not prevent light from reaching recording sites due to scattering, while glass electrodes are not suitable for chronic and multisite recordings. To prevent light-induced artifacts, two recent studies 40, 41 have suggested using graphene-based electrodes. Another recent study 42 proposed using indium-tin-oxide electrodes with transparent substrates. We have also been experimenting with transparent materials and our preliminary results indicate that these electrodes are indeed less susceptible to photovoltaic artifacts (data not shown). Until better strategies to circumvent lightinduced artifacts are developed, our results suggest that caution should be taken in experiments involving optogenetic stimulation and LFP recording. 
